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FLOW  ORIENTATION  OF  SHORT  FIBERS  IN  RECTANGULAR  CHANNELS 

by 

Masaharu  Takano 
Monsanto  Company 

ABSTRACT 

Fabrication  of  composites  from  discontinuous  fibers 
poses  many  rheological  problems,  especially  when  fibers  are 
short  and  their  orientation  and  distribution  have  to  be 
controlled  by  a  flow  process. 

The  effects  of  fiber  concentration,  die-geometry  and 
flow  rate  on  the  translational  and  rotational  motions  of 
short  fibers  in  concentrated  suspensions  are  determined  from 
cinematographic  studies  on  model  systems  subjected  to  flow 
through  uniform  and  convergent  rectangular  channels.  Fiber 
concentration  is  varied  from  60  vol.%  to  as  low  as  0.05  vol.  %. 
The  total  convergence  angle  of  the  channels  varies  from  0  to 
210  degrees;  the  channel  thickness  is  comparable  to  or  smaller 
than  the  fiber  length.  The  viscosity  of  resin  used  is  55  p. 

When  fiber  concentration  is  higher  than  5  vol.%,  a  plug- 
type  flow  is  observed  in  both  uniform  and  convergent  channels. 
However,  the  observed  velocity  of  fibers  is  always  smaller 
than  the  mean  velocity  of  the  flowing  suspension.  A 
stagnation  region  is  observed  in  convergent  channels  when  the 
convergence  angle  is  larger  than  120  degrees.  The  alignment 
of  fibers  in  the  flow  direction  exclusively  occurs  in 
convergent  channels.  Flow  instabilities,  migration  of  trapped 
air  bubbles,  generation  of  voids,  deformation  of  fibers  and 
flow  properties  are  also  observed. 
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FLOW  ORIENTATION  OF  SHORT  FIBERS  IN  RECTANGULAR  CHANNELS 


Masaharu  Takaro 


INTRODUCTION 


Conventional  molding  techniques  daveloped  for  thermoplastics 
such  as  transfer-molding,  injection-molding  and  extrusion  are 
recently  use.J  to  fabricate  composites  of  short  fibers  with 


thermoset  matrixes. 


However ,  several  difficulties  arise  with 


f 3 ow  processings  of  short  fiber  composites  when  the  operating 
condition  established  for  homogeneous  thermoplastics  is  used. 

The  property  level  of  short  fiber  composites  is  limited  by 
several  structural  parameters,^  ^  such  as  fiber  orientation, 
distribution  and  aspect  ratio  (length/diameter),  void  content 
and  adhesion  of  resin  to  fiber  surfaces,  as  well  as  by  other 
constituent  factors,  such  as  fiber  modulus,  strength  and 
concentration,  in  addition  to  matrix  properties.  Control  of  the 
structural  parameters  during  a  flow  process  is  important  if  one  is 
to  utilize  the  superior  properties  of  reinforcing  fibers,  and 
also  to  provide  reproducibility  and  reliability  of  the  fabricated 
composite.  Predominant  fiber-fiber  interactions  result  in  a 
plug-type  flow  in  uniform  channels  and  unsteady  plug  flow 
in  convergent  channels,  particularly  when  the  viscosity  of 
dispersing  medium  is  low.  The  change  in  orientation  of  fibers 
is  mainly  determined  by  the  local  velocity  gradients  around 


r 


the  fiber  center.  When  the  fiber  length  is  comparable  to  the 

size  of  flow  channels,  both  translational  and  rotational 
motions  of  fibers  are  also  significantly  affected  by  the 
channel  wall.^ 

One  way  of  establishing  optimum  conditions  for  a  flow 

process  of  short  fiber  composites  is  a  direct  observation  of 

fiber  behavior  in  flowing  concentrated  suspensions  as  a 

13  14 

function  of  operating  variables.  '  In  chis  study,  the 
effects  of  fiber  concentration,  die  geometry  and  flow  rate 
on  the  fiber  behavior  and  flow  properties  of  concentrated 
fiber  suspensions  are  observeo.  The  viscosity  of  resin  used 
in  model  systems  is  as  low  as  55  poises.  Rectangular 
channels  are  used  to  eliminate  the  optical  distortion  at 
channel  walls. 

EXPERIMENTS 

Displacement,  orientation  and  deformation  of  tracer  fibers, 
behavior  of  trapped  air  bubbles  and  generation  of  voids  in 
concentrated  fiber  suspensions  flowing  through  rectangular 
channels  were  cinematographically  studied. 

a)  Apparatus  and  Method;  One  of  the  rectangular  channels 
used  in  this  study  is  illustrated  in  Figure  1.  Rectangular 
channels  were  chosen  in  order  to  eliminate  the  optical 
distortion  caused  by  channel  walls.  The  geometry  of  flow 
channels  was  varied  by  replacing  the  set  of  interchangeable 
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aluminum  inserts  between  two  flat  Plexiglas  plates.  The 
thickness  of  channels  is  either  1/8"  or  1/4".  The  width 
of  the  cop  uniform  channel  is  1.0".  The  width  of  the  bottom 
uniform  channel  is  either  1/8"  or  1/4"  and  the  length  is 
1.0".  The  total  convergence  angle  of  the  convergent  channel 
whi ih  connects  the  tDo  and  bottom  uniform  channels  is  varied 
from  0°  to  210°.  A  tight-fitting  aluminum  plunger  is  pressed 
down  in  the  top  uniform  channel  to  extrude  fiber  suspensions 
through  the  convergent  and  bottom  uniform  channels.  The 
plunger  speeds  used  were  1/  2  and  5  "/min.  and  the  load 
required  to  produce  a  constant  flow  rate  was  measured  by 
using  a  compression  cell  of  Instron  tester.  A  Hycam  high-speed 
movie  camera  (Red  Lake  Lab.,  Calif.)  was  focused  on  the  central 
x-y  plane  passing  through  the  channel  axis  and  the  fiber 
behavior  in  the  central  x-y  plane  was  recorded  in  film  at  the 
speed  of  30  pictures  per  second.  The  velocity  profile  of 
tracer  fibers  mixed  with  other  transparent  fibers  was  measured 
to  determine  the  mechanism  of  fiber  orientation  and  resin- 
fiber  separation  in  the  flowing  suspension.  The  orientation 
of  tracer  fibers  was  analyzed  in  terms  of  the  angle,  0Z , 
and  the  asimuthal  angle,  <j>z,  of  the  fiber  axis  to  the 
observation  axis  (z-axis) ,  as  defined  in  Figure  2.  Fiber 
deformation,  void  generation  and  migration  of  trapped  air 
bubbles  in  flowing  suspensions  were  qualitatively  observed. 

All  measurements  were  carried  out  at  room  temperature, 

24°C  +  0 . 5°C . 


b)  Suspensions ;  To  make  the  above  cinematographic  study 
possible,  optically  distortion-free,  transparent  concentrated 
fiber  suspensions  were  prepared  from  heat-treated.  E-glass 
fibers  and  a  resin  mixture  of  Epon  Resin  828  (Shell  Chem.  Co.) 
and  polyglycol  oil  (Ucon  Oil  LB-1715,  Union  Carbide). 
Commercially  available,  chopped  E-glass  fibers  (1/8",  1/4" 
and  1/2"  in  length  and  0.6  mil.  in  diameter)  were  heat-treated 
at  600°C  for  30  minutes  to  burn  the  size  on  the  fiber  surfaces. 
Tracer  fioers  were  made  of  the  same  glass  fiber  but  coated  with 
chromium  oxides,  and  mixed  with  the  ratio  of  1:200  to  other 
transparent  fibers.  Both  the  tracer  and  other  transparent 
fibers  are  in  loose  bundles  after  the  heat-treatment  and  can 
be  easily  debundled  in  shear  flow.  The  viscosity  of  the 
resin  mixture  is  54.8  poises,  which  *s  approximated  to  the 
viscosity,  44  poises,  of  a  typical,  B-staged  epoxy  resin14 
(cured  52%  at  125°C).  The  refractive  index  of  the  dispersing 
medium  is  matched  to  that  of  E-glass  filer,  1.547.  The 
densities  of  E-glass  fibers  and  the  resin  mixture  are  2.54 
and  1.13  g/cm3,  respectively.  Fiber  concentration  was  varied 
from  0.05  to  60%  by  volume.  Fibers  separate  from  the  resin 
m  several  days  when  the  fiber  concentration  is  less  than  1 
vol.  %.  However,  the  separation  of  fibers  from  the  dispersing 
medium  is  negligible  over  several  months  when  the  fiber 
concentration  is  higher  than  5  vol.  %.  Fibers  were  first 
soaked  in  a  dilute  ac  -.one  solution  of  the  resin  mixture 
and  the  solvent  was  slowly  evaporated.  While  a  small  amount 


of  acetone  still  remained,  the  mixture  of  fibers  and  re3in 
was  gently  stirred  with  a  spatula.  The  morphology  of  resulting 
resin-fiber  mixtures  varies  significantly  as  the  fiber 
concentration  increases.  When  fiber  concentration  is  less 
than  10  vol.  %,  fibers  are  dispersed  in  a  continuous  phase  of 
resin.  A  large  amount  of  air  bubbles  are  usually  trapped  in 
suspensions  with  low  fiber  concentrations  .  When  fiber 
concentration  is  increased  to  20  vol.  %,  fibers  are  dispersed 
in  either  continuous  or  discontinuous  (granular)  phase  of 
resin,  depending  on  the  shearing  condition  used.  When  fiber 
concentration  is  higher  than  30  vol.  %,  resin-fiber  mixtures 
are  in  the  form  of  granules  which  are  similar  to  those  used 
for  transfer  molding.  The  resin-fiber  mixture,  in  the  form 
of  either  dispersion  or  granules,  was  packed  in  the  top 
uniform  channel  without  any  attempt  to  align  fibers  in  a 
specific  direction,  after  one  of  the  Plexiglas  window  plates 
was  removed.  When  the  window  plate  was  reinstated  and  the 
resin-fiber  mixture  was  compressed  with  a  plunger,  a  transparent 
concentrated  suspension  was  obtained  in  the  top  channel.  Tracer 
fibers  had  nearly  random  orientations  in  the  resulting  suspension. 

EXPERIMENTAL  RESUL  ’S 

When  the  dispersing  medium  has  a  low  viscosity  and  the 
length  of  dispersed  fibers  is  comparable  to  the  size  of  flow 
channels,  a  narrow  exit  of  convergent  channel  is  easily  blocked 
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with  fibers,  mostly  aligned  parallel  to  the  flow  direction. 

Such  a  blockage  of  narrow  channels  with  fibers  can  be 
preve  ted  by  using  a  higher  flow  rate  and  a  wider  channel 
exit. 

Presence  of  air  bubbles  and  voids  varies  the  flow  rate 
of  suspensions  and  also  makes  the  visual  observation  of  fiber 
behavior  in  suspensions  difficult.  Air  bubbles  trapped  in 
flowing  suspensions  coalesce  and,  moving  faster  than  fibers, 
migrate  towards  the  channel  axis  in  convergent  channels  and 
towards  wall  surfaces  in  divergent  flow.  Voids  are  generated 
in  partially  filled  divergent  channels15  and  at  the  exit  of 
convergent  channels  blocked  with  fibers ,  due  to  a  sudden  drop 
in  internal  pressure.  In  general,  transparent  suspensions 
without  air  bubbles  and  voids  were  obtained  in  uniform  and 
convergent  channels  after  a  steady  state  flow  was  attained. 

flow  instabilities  and  the  presence  of  air  bubbles  and 
voids  were  minimized  in  the  following  flow  studies, 
i)  Velocity  profiles: 

In  dilute  suspensions,  streamlines  are  parallel  to 

the  wall  surfaces  in  uniform  channels  and  in  a  straight  line 

passing  through  the  vertex  in  convergent  channels.  The 

velocity  profiles  observed  for  a  0.2  vol.  %  suspension  of  1/8" 

fibers  flowing  through  uniform  and  convergent  channels  are  in 

good  agreement  with  those  for  incompressible  Newtonian  fluids,15 

although  fibers  move  slow  in  the  vicinity  of  wall  surfaces, 

13 

compared  to  theoretical  prediction,  due  to  wall  effects. 


When  fiber  concentration  is  higher  than  5  vol.  %,  a  plug- 
type  flow  is  generally  observed  in  both  uniform  and  convergent 
channels.  However,  when  the  fiber  concentration  is  as  high 
as  40  vol.  %,  paths  of  tracer  fibers  frequently  deviate  from 
a  straight  line  passing  through  the  fiber  center  and  the 
vertex  in  convergent  channels.  Thi.«=  deviation  of  fiber  paths 
from  the  assumed  streamline  is  due  to  the  mechanical  interaction 
between  loosely  bundled  fibers.  When  the  resin-fiber  mixture 
in  the  form  of  granules  is  packed  in  the  top  channel  for  flow 
experiments ,  fibers  are  in  loose  bundles  and  these  bundles  of 
fibers  rotate  as  a  deformable  mass  in  flowing  suspensions . 

In  uniform  channels  all  fibers  move  with  a  same  velocity 
throughout  the  cross-section  of  the  channel.  The  velocity, 

Vf,  of  fibers  in  the  flow  direction  (x-axis)  is  represented  by 


Vf  -  - 


W  H 


f  =  VQ.f 


...(1) 


where  W  and  H  are  the  width  and  the  thickness,  respectively, 
oi  the  channel,  and  Q  is  the  flow  rate,  VQ  the  mean  velocity 
of  the  suspension  and  f  is  the  ratio  of  fiber  velocity  to  the 
mean  velocity,  '.'he  flow  rate  is  calculated  from  the  speed  of 
the  aluminum  plunger  in  the  top  channel. 

In  convergent  channels,  all  fibers  located  at  an  axial 
distance,  x,  from  the  vertex  of  the  channel  move  with  a  same 
velocity  in  the  flow  direction,  despite  the  drift  of  fiber 
paths  in  the  radial  direction.  The  velocity,  Vf,  of  fibers 
in  the  flow  direction  is  represented  by 
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V 


f 


Q 

Sot  x  H 


f  =  V  *f 
o 


...(2) 


where  2a  is  the  total  convergence  angle  of  the  channel. 

Velocity  profiles  observed  for  a  40  vol.  %  suspension  of 
1/8"  fibers  flowing  through  uniform  and  convergent  channels 
are  normalized  with  the  mean  velocity  and  illustrated  in 
Figure  3.  The  observed  velocity  of  tracer  fibers  is  always 
smaller  than  the  mean  velocity  of  the  suspension,  indicating 
that  fibers  are  lagging  behind  resin  flow  due  to  wall  effects. 
The  velocity  ratio,  f  =  Vf/VQ,  observed  for  various  suspensions 
flowing  through  uniform  and  convergent  channels  is  shown  as  a 
function  of  channel  size,  fiber  concentration  and  the 
convergence  angle  of  the  channel  in  Figure  4. 

When  toe  ratio  of  fiber  velocity  to  the  mean  velocity  of 
the  suspension  decreases,  resin-fiber  separation  increases  in 
the  suspension  and  the  possibility  of  blocking  a  narrow  channel 
exit  with  fibers  increases.  The  resin-fiber  separation  is 
significantly  affected  by  the  morphology  of  the  resin-fiber 
mixture  packed  in  the  top  channel  prior  to  the  flow  study. 
Resin-fiber  separation  appreciably  increases  with  a  decrease 
in  the  channel  size  when  fiber  concentration  is  as  low  as  0.05 
to  10  vol.  %.  When  fiber  concentration  is  as  high  as  40  to  60 
vol.  %,  the  extent  of  resin-fiber  separation  becomes  insensitive 
to  the  channel  size,  but  is  affected  by  flow  rate  and  the 
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convergence  angle  of  flow  channels  to  a  great  extent.  In 
general,  resin-fiber  separation  decreases  as  the  convergence 
angle  of  channels  decreases.  At  a  low  flow  rate,  however, 
resin-fiber  separation  increased  when  the  convergence  angle 
was  smaller  than  40°. 

When  the  convergence  angle  is  larger  than  120°,  a 
stagnation  region  is  observed  in  convergent  channels,  as 
demonstrated  for  a  40  vol.  %  suspension  of  1/8"  fibers  in 
Figure  5.  The  actual  converging  angle  of  flowing  suspensions 
was  approximated  by  projecting  the  motion  pictures  onto  a 
screen  at  slow  speeds.  The  stagnation  region  increased  as 
the  flow  rate  increased. 

ii)  Fiber  orientation: 

In  dilute  suspensions  flowing  through  uniform  and 

convergent  channels,  fibers  continue  to  rotate  due  to  the 

shear  and  superposed  hyperbolic  flew  fields.  In  the  steady 

flow  state,  most  of  the  fibers  are  oriented  parallel  to  the 
13 

flow  direction. 

In  concentrated  suspensions  which  undergo  a  plug-type 
flow,  the  central  core  of  fiber  suspension  is  not  subjected 
to  any  kind  of  deformation  in  uniform  channels,  but  is 
subjected  to  a  hyperbolic  flow  in  convergent  channels  due 
to  the  reduction  in  the  cross-sectional  area.  Consequently, 
dispersed  fibers  do  not  change  their  orientation  in  uniform 
channels,  but  are  oriented  parallel  to  the  flow  direction 
exclusively  in  convergent  channels. 
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The  change  of  fiber  orientation  in  convergent  channels 

17 

due  to  the  hyperbolic  flow  field  is  expressed  by 


tan<j>,,/tan(j>^^  =  (x/xrt)  ^  or  tantj)  *  =  (x/x^)^  ...(3) 

ZU 


20 


and 


tanez/tan9zo  =  < 


(x/xQ)X  +  (x/xq)*  tan2())2o 


1  +  tan*  (j> 


20 


.  . . (4) 


where  0  and  <t>  are  the  angle  and  the  a2imuthal  angle, 

20  20 

respectively,  of  the  fiber  axis  to  the  observation  axis  at  the 
axial  distance  xQ  measured  from  the  vertex  of  the  channel.  0z 
are  the  respective  angles,  defined  in  Figure  2,  at  the  axial 
distance  x.  <J/  and  <j>^o  are  (90°  -  <j>z)  and  (90*  -  <J>zo )  , 
respectively.  The  parameter  A  is  a  function  of  the  aspect 
ratio  of  the  fiber  and  the  interaction  of  the  fiber  with 
surrounding  fibers,  resin  and  wall. 

Changes  in  the  orientation  angles  of  a  few  tracer  fibers 
with  the  axial  position  x,  observed  in  a  40  vol.  %  suspension 
of  1/8"  fibers,  are  demonstrated  in  Figure  6.  The  angle  <j>z 
was  measured  as  the  angle  between  the  assumed  streamline 
passing  through  the  fiber  center  and  the  fiber  axis,  both 
projected  onto  a  screen  (x  -  ip  plane)  .  The  angle  0Z  was 
measured  from  the  relative  length,  Z/ZQ  =  sin0z,  of  fibers 
projected  onto  a  screen,  where  ZQ  was  the  true  length  of  the 
fiber.  When  the  angle  <j>'  is  0°  and  the  angle  0  is  90°,  the 
fiber  axis  is  oriented  perfectly  parallel  to  the  streamline 
passing  through  the  fiber  center. 


and  <J> 

2 
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The  A-value  experimentally  determined  has  a  broad 
distribution  ranging  from  positive  to  negative  values,  as 
shown  as  a  function  of  fiber  concentration  in  Figure  7. 

These  distribution  curves  were  obtained  from  orientation 
measurements  over  30  to  160  tracer  fibers  in  each  suspension 
flowing  through  a  60°  convergent  channel.  Fibers  are  oriented 
parallel  to  the  streamline  passing  through  the  fiber  center 
when  the  A-value  is  positive.  The  A-value  often  becomes 
negative,  however,  when  the  fiber  path  deviates  from  the 
assumed  streamline  due  to  the  predominant  fiber-fiber  interaction. 
The  mean  value,  X,  calculated  from  experimentally  observed 
A-values,  is  listed  in  Table  I  as  a  function  of  fiber 
concentration.  The  smallest  value  was  observed  in  the  10 
vol.  %  suspension  which  also  showed  the  most  remarked  resin- 
fiber  separation.  The  effect  of  flow  rate  and  convergence  angle 
on  the  mean  value,  T,  observed  in  40  vol.  %  suspensions,  is 
shown  in  Table  II.  Although  the  mean  values  are  scattering, 
there  is  a  general  trend  that  the  mean  value  decreases  with 
decreased  convergence  angle  when  the  convergence  angle  is 
smaller  than  60°  and  that  the  mean  value  generally  decreases 
with  increased  flow  rate. 

Fiber  orientation  distributions,  observed  in  the  top  and 
bottom  uniform  channels  which  are  connected  with  a  60° 
convergent  channel,  are  compared  for  various  suspensions  in 
Figure  3.  These  cumulative  distribution  curves  of  fiber 


-  -  -  - -  -  - 


12 


orientations  were  obtained  from  orientation  measurements  over 
40  to  170  tracer  fibers  in  each  channel .  The  solid  line 
represents  the  random  orinetution  of  fibers.  The  change  in 
fiber  orientation  distributions  demonstrated  here  is,  however, 
affected  by  another  factor,  namely,  the  reorientation  of  fibers 
at  the  entrance  and  exit,  in  addition  to  the  change  in  fiber 
orientation  achieved  inside  the  convergent  channel. 

When  one  assumes  that  all  of  the  fibers  oriented  within 
the  angle  <p^Q  in  the  top  channel  will  be  oriented  within  the 
angle  <p^e  in  the  bottom  channel,  an  "efficiency  parameter,"  A', 
of  the  convergent  channel  which  takes  into  account  the 
reorientation  effect  can  be  calculated  from  the  fiber 
orientation  distributions  observed  in  the  top  and  bottom 
uniform  channels.  A'  values  were  calculated  at  every  ten  degrees 
°f  <l>2o  '  using  a  modified  form  of  Eq.  (3)  , 

tan^e/tan*'o  =  <xe/x0)* 

where  xq  and  xg  are  the  axial  distances  of  the  entrance  and 
exit,  respectively,  of  the  convergent  channel  measured  from 
the  vertex.  The  mean  value,  X',  of  these  A'  values  is  listed 
in  Tables  I  and  II,  in  comparison  with  the  mean  value  of  A 
which  was  determined  from  the  transient  state  of  fiber 
orientation  in  convergent  channels.  The  effect  of  fiber 
concentration  on  the  x'  value  is  comparable  to  that  for 
X  values,  except  that  the  highest  value  is  observed  in  40  ~  50 
vol.  %  suspensions.^  However,  the  X'  value  shows  a  significant 
increase  compared  to  the  x  value  when  the  convergence  angle 


13 


is  small,  indicating  that  the  reorientation  effect  at  the 
channel  exit  has  a  significant  effect  on  the  orientation 
efficiency  of  a  convergent  channel. 

When  the  convergence  angle  is  larger  than  120° ,  the 
presence  of  stagnation  region  decreases  the  actual  converging 
angle  of  suspensions  flowing  through  the  channel.  The  shear 
flow  at  the  boundary  of  flowing  and  stagnant  regions  also 
contributes  to  the  fiber  alignment  achieved  in  convergent 
channels  having  a  stagnation  region. 

iii)  Fiber  deformation  and  dispersion; 

In  general,  fibers  are  buckling  in  suspensions  when 
fiber  concentration  is  as  high  as  50  and  60  vol.  %,  due  to 
the  predominant,  mechanical  interaction  between  fibers. 

Fibers  are  more  deformed  in  convergent  channels  than  in 
uniform  channels  because  a  compression  force  is  applied  to 
the  core  of  fiber  suspension  in  convergent  channels.  In  highly 
concentrated  suspensions,  fibers  pressed  onto  wall  surfaces  are 
deformed  as  the  geometry  of  the  wall  surface  varies,  indicating 
that  some  of  the  fibers  may  be  broken  at  sharp  corners.  However, 
observation  of  fiber  breakages  is  impossible  in  motion  pictures 
of  flowing  concentrated  suspensions  since  the  broken  pieces  of 
fibers  do  not  change  the  relative  position  and  orientation  due 
to  the  predominant  interaction  with  surrounding  fibers .  In 
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general,  fibers  are  more  deformed  as  the  flow  rate,  the  length 
of  fibers  and  the  fiber  concentration  increase.  Loose  bundles 
of  fibers  are  most  effectively  stretched  and  debundled  at  the 
exit  of  convergent  channels  where  the  highest  elongational 
force  is  available.  Neither  fiber  dispersion  nor  buckling 
state  of  fibers  changes  in  uniform  channels  when  the  dispersing 
medium  has  a  low  viscosity.  Bundled  fibers  are  less  buckling 
than  debundled  fibers. 

18 

iv)  Flow  properties; 

In  concentrated  suspensions  flowing  through  a  narrow 
channel,  both  the  translational  and  rotational  motions  of 
dispersed  fibers  are  subjected  to  wall  effects.1^  Particularly 
in  convergent  channels,  a  narrow  exit  is  intermittently  blocked 
with  fibers  when  the  length  of  fibers  is  comparable  to  the 
size  of  the  channel  exit.  This  flew  instability  is  demonstrated 
by  a  fluctuation  in  flow  resistance  as  illustrated  in  Figure  9. 
The  flow  resistance  is  defined  here  as  the  load  required  to 
produce  a  constant  flow  rate  through  the  convergent  and  bottom 
uniform  channel.  The  extent  of  flow  instability  can  be  decreased 
by  increasing  either  flow  rate  or  exit  size. 

The  flow  resistance,  observed  for  40  vol.  %  suspensions 
flowing  through  various  convergent  channels,  is  shown  as  a 
function  of  flow  rate,  fiber  length  and  the  convergence  angle 
in  Figure  10.  All  convergent  channels  used  here  had  an  exit  of 
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1/4  in  width  and  1/8"  in  thickness.  For  a  comparison  of  flow 
resistances,  the  first  plateau  in  load  is  used,  since  this 
represents  independence  of  load  with  the  plunger  displacement 
in  the  top  channel.  This  value  is  shown  by  the  broken  line 
in  Figure  9.  The  flow  resistance  of  fiber  suspensions  flowing 
through  a  convergent  channel  decreases  as  the  convergence 
angle  decreases.  In  general,  the  flow  resistance  increases  in 
the  proportion  to  the  flow  rate  used,  indicating  that  the 
central  core  of  concentrated  fiber  suspensions  is  lubricated 
with  a  thin  resin  layer  on  wall  surfaces.  Stankoi  et  al.19 
have  reported  the  same  observation  results  for  flow  properties 
of  short  glass  fiber  suspensions.  The  flow  resistance  also 
significantly  increases  when  the  length  of  dispersed  fibers 
exceeds  the  width  of  the  channel  exit.  Longer  fibers  are 
more  buckling  in  the  suspension  and  more  frequently  block  a 
narrow  exit. 

DISCUSSION 

The  use  of  rectangular  channels  and  optically  transparent, 
distortion-free  suspensions  made  the  quantitative  analysis  of 
fiber  behavior  in  flowing  concentrated  suspensions 
possible. 

One  of  the  purposes  of  this  study  is  to  determine  a 
parameter  which  may  be  applicable  to  predict  fiber  orientations 
achieved  by  various  flow  processes.  The  orientation  angle, 
ex'  of  the  fiber  axis  to  the  flow  direction,  which  is  most 
frequently  used  for  theoretical  prediction  of  mechanical 


properties  of  short  fiber  composites,  is  given  by 


cos9x  =  sin0z  “cos^ 

in  rectangular  channels,  where  0^  and  <{)z  are  predicted  by  Eqs .  (3) 

and  (4).  In  general,  the  angle  approaches  0°  as  the  fiber 

flows  through  a  convergent  channel.  However,  the  angle  0Z 

may  increase  or  decrease  during  the  convergent  flow,  depending 

on  the  initial  angle  <J>'  of  the  fiber. 

zo 

In  convergent  circular  tubes,  the  central  core  of  fiber 
suspensions  is  subjected  to  a  uniaxially  elongational  flow 
field  when  a  plug-type  flow  is  generally  observed.14  The 
velocity  of  fibers  in  the  flow  direction  is  given  as 

Vf  2ttx2(1  -  cosa)  ’  f  ~  Vo*f 
for  a  plug-type  flow  in  conical  tubes  and  the  change  in  fiber 
orientation  with  the  axial  position  is  predicted  as 

tanex/tanexo  =  (x/x0)J>  . 

Here  a  is  the  half  angle  of  the  cone.  However,  direct 
measurement  of  the  angle  0X  in  convergent  circular  tubes  is 
impossible.  The  angle  0X  must  be  calculated  from  the  other 
angles  0Z  and  <J>'Z  ,  as  done  for  rectangular  channels.  In  general, 
measurement  of  fiber  orientation  becomes  unreliable  near  the 
wall  in  circular  tubes,  due  to  the  optical  distortion  caused  by 
the  difference  in  refractive  indices  of  suspension  and  tube  wall. 


Whsri  the  relative  size  of  fibers  to  the  size  of  flow 
channels  is  comparable  to  that  used  for  the  measurement  in 
rectangular  channels,  the  parameter  values,  T  and  T', 
determined  in  this  study  may  be  applicable  to  predict  fiber 
orientations  achieved  in  circular  tubes,  without  causing  a 
significant  error. 

The  effect  of  resin  viscosity  on  velocity  profiles  and 
orientation  distributions  of  fibers  and  flow  properties  of 
concentrated  fiber  suspensions  are  discussed  in  another  paper. ^ 

CONCLUSIONS 

For  concentrated  suspensions  of  short  fibers  in  a  lew 
viscosity  resin,  a  plug-type  flow  is  observed  in  both  uniform 
and  convergent  rectangular  channels  when  the  fiber  concentration 
is  higher  than  5  vol.  %.  The  velocity  of  fibers  is  smaller 
than  the  mean  velocity  of  the  flowing  suspension  due  to  wall 
effects.  The  alignment  of  fibers  in  the  flow  direction  occurs 
exclusively  in  convergent  channels  due  to  the  elongational 
flow  field.  The  extent  of  fiber  alignment  achieved  after  a 
convergent  flow  is  a  function  of  fiber  concentration,  flow 
rc ^e  and  the  convergence  angle  of  the  convergent  channel. 

In  general,  flow  instabilities  are  observed  in  concentrated 
fiber  suspensions  flowing  through  convergent  channels.  Stream¬ 
lines  fluctuate  with  time  in  convergent  channels  and  a  narrow 
exit  of  convergent  channel  is  intermittently  blocked  with  fibers 
when  the  length  of  fibers  is  comparable  to  the  size  of  channel  exit 
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A  s  .agnation  region  is  observed  in  convergent  channels  when 
the  total  convergence  angle  is  larger  than  120° .  Fibers  art 
buckling  in  suspensions  when  fiber  concentration  is  as  high  as  50 
and  60  vol.  %.  The  extent  of  fiber  buckling  increases  as  the  fiber 
length  increases,  and  decreases  when  fibers  are  in  bundles. 

The  flow  resistance  of  fiber  suspensions  flowing  through  a 
convergent  channel  generally  decreases  with  a  decrease  in  the 
convergence  angle.  However,  the  flow  resistance  fluctuates 
when  the  exit  is  blocked  with  fibers. 
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Table  1.  The  mean  values  of  parameters  X  and  X*  observed  for 

-  '  f 

1/8"  fibers  i.i  suspensions  flowing  through  a  60° 
convergent  channel  with  1/8"  thickness,  at  the  flow 
rate  of  0.250  in3/mi.n* 


Fiber  concentration 
(vol.  %) 

T1 

T'h 

5 

1.09 

0.81  ±  0.32 

10 

0.73 

0.00 

20 

0.94 

0.76  ±  0.05 

30 

1.21 

0.91  ±  0.33 

40 

1.28 

1.24  ±  0.24 

50 

1.37 

1.27  ±  0.12 

60 

1 

2.05 

0.67  ±  0.13 

i 

a)  Measured  from  the  transient  behavior  of  individual  fibers  in 
convergent  channel. 

b)  Measured  from  the  fiber  alignment  achieved  through  the  60° 
convergent  channel. 


Table  2.  The  mean  values  of  parameters  X  and  Xj  observed  for 
1/8"  fibers  in  40  vol.  %  suspensions  flowing  through 


convergent  channels . 


Flow  rate  (in3/min) 


0.250  0.625 


0.250 


0.625 


2a,  20° 

0.28 

-0.59 

1.56 

± 

0.24 

1.10 

± 

0.19 

30° 

0.83 

0.51 

1.15 

± 

0.15 

1.42 

± 

0.21 

34.6° 

0.33 

1.24 

- 

- 

43.2° 

1.01 

0.93 

- 

- 

60° 

0.68 

0.37 

1.24 

+ 

0.25 

1.09 

± 

0.30 

1.28 

90° 

0.98 

- 

1.22 

± 

0.21 

- 

120° 

1.94 

0  46 

1.19 

± 

0.20 

1.09 

+ 

0.30 

150° 

1.42 

0.80 

0.99 

+ 

0.28 

0.82 

+ 

0.22 

180° 

0.64 

0.90 

1.18 

± 

0.27 

1.20 

± 

0.22 

210° 

- 

— 

0.93 

± 

0.37 

1.33 

± 

0.13 

a)  Measured  from  the  transient  behavior  of  individual  fibers. 

b)  Measured  from  the  fiber  alignment  achieved  through  the 
convergent  channel. 
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Figure  6 


Apparatus  used  for  observation  of  fiber  behavior . 

Spherical  coordinates  used  to  define  fiber  orientation. 
Velocity  profiles  observed  for  40  vol.  %  suspensions 
of  1/8"  fibers:  a)  In  a  1"  x  1/8"  uniform  channel, 
b)  In  a  1/4"  x  1/8"  uniform  channel,  c)  In  a  60° 
convergent  channel  with  an  exit  of  1/4"  x  1/8". 

The  broken  line  represents  a  plug-type  flow  in  which 
fibers  move  with  the  mean  velocity . 

,  The  ratio  of  fiber  velocity  to  the  mean  velocity  in 
40  vol.  %  suspensions  of  1/8"  fibers: 

a)  Effects  of  fiber  concentration  and  channel  sizes; 
open  circles  are  for  a  1"  x  1/8"  uniform  channel 
and  closed  circles  for  a  1/4"  x  1/8"  uniform  channel 

b)  Effects  of  convergence  angle  and  flow  rate; 
open  circles  are  for  Q  =  0.250  in3/min  and 
closed  circles  for  Q  =  0.625  ini/min. 

.  The  actual  converging  flow  of  40  vol.  %  suspensions 
flowing  through  various  convergent  channels:  open 
squares  are  for  Q  =  0.250  in3/min  and  closed  squares 
for  Q  =  0  .625  in3/min. 

.  Changes  of  fiber  orientations  in  40  vol.  %  suspensions 

flowing  through  a  60°  convergent  channel  at  Q  =  0.250 

ins/min:  <.  )  The  change  in  with  the  axial  position, 

x.  b)  The  change  in  6  with  the  axial  position,  x. 

z 

Ar  B,  C  and  D  are  fiber  identification  numbers.  The 
solid  curves  were  calculated  from  Eq.  (4)  and  the 
parameter  X  determined  from  Eq.  (3) . 


Figure  7. 


Figure  8. 


Figure  9. 


Figure  10 . 


Differential  distributions  of  the  X-values  measured 
in  various  suspensions  flowing  through  a  60° 
convergent  channel  at  Q  -  0.250  ins/min. 

Cumulative  distributions  of  fiber  orientations  in 
concentrated  suspensions  flowing  through  a  60° 
convergent  channel  at  Q  =  0.250  in  3/min:  open 
circles  are  for  the  top  uniform  channel  and  closed 
circles  for  the  bottom  uniform  channel. 

Flow  resistance  of  40  vol.  %  suspensions  flowing  through 
a  34.8°  convergent  channel:  The  size  of  channel  exit 
and  flow  rate  are  varied.  A)  1/8"  x  1/8",  at 
Q  =  0.250  in 3/min.  B)  1/8"  x  1/8",  at  Q  =  0.625  in3/min. 
C)  1/4"  x  1/8",  at  Q  =  0.250  in3/min. 

Flow  resistance  of  40  vol.  %  suspensions  flowing 
through  various  convergent  channels  having  an  exit  of 
1/4"  x  1/8": 

a)  Effects  of  convergence  angle  and  flow  rate  for 
suspensions  of  1/8"  fibers;  Curve  A  is  for 

Q  =  0.250  in 3/min  and  curve  B  for  Q  =  0.625  in3/min 

b)  Effects  of  convergence  angle  and  fiber  length,  at 
Q  =  0.250  in 3 /min;.  Curve  A  is  for  1/8"  fibers, 
curve  C  for  1/4"  fibers  and  curve  D  for  1/2" 
fibers . 
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